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Abstract 

3-Methyl-2-oxazolidinone  (MeOx)  has  been  mixed  to  ethylene  carbonate  (EC)  or  dimethyl  carbonate  (DMC)  in  presence  of  lithium 
tetrafluoroborate  (LiBF4)  or  lithium  hexafluorophosphate  (LiPF6)  for  use  as  electrolyte  in  lithium  batteries.  The  optimized  electrolytes  in 
term  of  conductivity  and  viscosity  are  MeOx:EC,  v(MeOx)  =  0.5  and  MeOx:DMC,  v(MeOx)  =  0.4  in  presence  of  LiBF4  (1M)  or  LiPFg 
(1 M).  MeOx:EC  electrolytes  have  a  better  thermal  stability  than  MeOx:DMC  electrolytes  but  the  low  wettability  of  the  Celgard  separator  by 
MeOx:EC  prevents  its  use  in  lithium  batteries.  No  lithium  insertion-deinsertion  occurs  when  FiPF6  is  used  as  salt  in  MeOx-based  electrolytes. 
MeOx:DMC,  v(MeOx)  =  0.4  +  FiBF4  (1 M)  exhibits  a  good  cycling  ability  at  a  graphite  electrode  but  all  the  investigated  electrolytes  containing 
MeOx  have  a  low  stability  in  oxidation  at  a  lithium  cobalt  oxide  electrode  (FixCo02). 

©  2005  Elsevier  B  .  V.  All  rights  reserved. 

Keywords:  Electrolyte;  3-Methyl-2-oxazolidinone;  Lithium  battery;  Conductivity;  DSC 


1.  Introduction 

The  search  for  new  electrolytes  in  lithium-ion  batteries 
has  intensified  in  recent  years  but  electrolytes  composed  of 
ethylene  carbonate  (EC),  diethyl  carbonate  (DEC),  dimethyl 
carbonate  (DMC)  or  propylene  carbonate  (PC)  in  presence 
of  lithium  hexafluorophosphate  (LiPF6)  are  still  the  reference 
electrolytes  in  the  field  of  lithium  batteries.  For  practical  use 
in  lithium  batteries,  the  electrolyte  has  to  conform  to  several 
properties  such  as  a  low  viscosity  to  enhance  the  ion  mobility, 
a  high  conductivity  to  decrease  the  ohmic  resistance  in  the 
battery,  a  high  dielectric  constant  to  permit  the  dissociation  of 
the  lithium  salt.  Propylene  carbonate  is  an  interesting  solvent 
for  its  physical  properties  but  it  was  pointed  as  responsible 
in  the  exfoliation  of  crystalline  carbons,  whereas  ethylene 
carbonate  (EC)  or  other  carbonates  would  prevent  it  [1,2] 
though  the  difference  of  behavior  of  such  close  molecules  is 
not  yet  fully  understood. 
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2-Oxazolidinones  are  heterocyclic  compounds  known 
synonymously  as  cyclic  carbamates  or  cyclic  urethans. 
Most  2-oxazolidinones  are  solids  under  normal  conditions 
but  several  simple  /V-alkyl- substituted  derivatives,  like  3- 
methyl-2-oxazolidinone  (MeOx),  are  usually  liquid  at  room 
temperature  [3].  MeOx  may  be  an  alternative  co-solvent  in 
electrolytes  for  lithium  batteries  because  this  organic  solvent 
has  a  high  dielectric  constant  (Table  1). 

In  order  to  preserve  the  high  dielectric  constant  of  MeOx 
while  forming  onto  the  graphite  electrode  a  high  quality  passi- 
vative  film,  physicochemical  and  electrochemical  properties 
of  a  binary  mixture  of  MeOx  and  EC  have  been  investigated  in 
presence  of  lithium  salts  such  as  lithium  hexafluorophosphate 
or  lithium  tetrafluoroborate.  As  this  electrolyte  is  viscous,  a 
mixture  of  MeOx  with  DMC  in  presence  of  lithium  hex¬ 
afluorophosphate  has  also  been  studied  to  enhance  the  ion 
mobility.  This  addition  of  DMC  to  MeOx  enhances  the  wet¬ 
tability  of  the  Celgard  separator  by  lowering  the  superficial 
tension  and  permits  a  better  penetration  of  the  electrolyte  into 
the  pores  of  the  separator.  The  thermal  stability  of  MeOx:EC 
and  MeOx: DMC  mixtures  versus  the  co- solvent  composition 
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Table  1 


Physicochemical  properties  of  EC,  DMC  and  MeOx 


£r 

\i  (D) 

?7  (cP) 

P  (g  cm  3) 

7m  (°C) 

7b  (°C) 

EC 

89a 

4.80b 

1.9C 

1.321d 

35-37e 

238  at  760  mmHgb 

DMC 

3. 12b 

0.75f 

0.585b 

1.069d 

4b 

90at760mmHgb 

MeOx 

77.5§ 

5.001’ 

2.45S 

1.044S 

15S 

87-90  at  1  mmHgh 

£r:  Dielectric  constant  (25  °C);  /x:  dipolar  moment;  r/:  viscosity  (25  °C  for  DMC  and  MeOx;  40  °C  for  EC);  p:  density  (25  °C);  Tm:  melting  temperature;  7b : 
boiling  temperature. 
a  Ref.  [4]. 
b  Ref.  [5]. 
c  Ref.  [6]. 
d  Ref.  [7]. 
e  Ref.  [8]. 

f  From  Alchemy  calculation  (PM3  semi-empirical  method), 
s  Ref.  [9]. 
h  Ref.  [10]. 


in  presence  or  in  absence  of  lithium  salt  has  been  investigated 
because  the  search  of  new  electrolytes  with  a  high  thermal 
stability  is  of  great  importance  [11-21].  Conductivity  mea¬ 
surements  versus  salt  concentration,  co-solvent  composition 
and  temperature  have  been  carried  out  to  optimize  the  compo¬ 
sition  of  MeOx:EC  and  MeOx:DMC  electrolytes.  Activation 
energy  for  the  conductivity  has  been  calculated  to  evaluate 
the  temperature  dependence  of  the  conductivity.  The  oxida¬ 
tion  and  reduction  properties  of  the  optimized  electrolytes 
have  also  been  investigated  as  well  as  the  cycling  ability  at 
graphite  and  LixCoC>2  electrodes. 


2.  Experimental 

3-Methyl-2-oxazolidinone  (MeOx),  ethylene  carbonate 
(EC)  and  dimethyl  carbonate  (DMC)  (purity  >99%)  were 
purchased  from  Aldrich,  dried  over  molecular  sieves  prior 
to  use  and  stored  under  argon  atmosphere.  FiPF6  (99.99%) 
and  LiBF4  (99.99%)  were  obtained  from  Fluka  and  used  as 
received.  The  water  content  of  the  solutions  was  lower  than 
50  ppm  as  indicated  by  Karl  Fisher  titration.  A  dry  box  hlled 
with  argon  is  used  for  the  preparation  of  ah  solutions  studied 
here. 

In  order  to  optimize  the  composition  of  the  electrolytes,  ac 
conductivity  measurements  were  carried  out  using  a  Crison 
GFP  31  and  a  Crison  S2-92  conductivity  cell  equipped  with 
platinum  electrodes  (cell  constant  =  1  cm-1).  A11  the  compo¬ 
sitions  of  the  mixtures  are  reported  in  molar  fraction  of  MeOx 
(quoted  v(MeOx)). 

Viscosity  measurements  were  obtained  using  an  Ubbel- 
hode  capillary  immersed  in  a  thermostated  bath  (±0.02  °C) 
and  a  Schott  (AUS  310)  viscometer.  Densities  were  deter¬ 
mined  using  a  vibrating  tube  densimeter  (Picker). 

A  DSC  6  Perkin-Elmer  Differential  Scanning  Calorime¬ 
ter  (DSC)  was  used  for  DSC  experiments.  Thermograms 
were  carried  out  at  10  K min-1  from  25  to  390  °C  in  50  |xF 
aluminum  pans  containing  a  small  volume  of  electrolyte 
(10-20  [xF).  The  pans  were  not  hermetically  sealed  but  the 
cover  was  holed  to  permit  the  evacuation  of  the  gas  produced 


by  the  thermal  decomposition  of  the  electrolyte.  The  refer¬ 
ence  cell  was  an  aluminum  pan  hlled  with  silica  powder. 

The  graphite  and  FixCo02  electrodes  were  kindly  pro¬ 
vided  by  SAFT  (Bordeaux).  The  graphite  electrode  is  com¬ 
posed  of  a  mixture  of  artificial  graphites  with  a  practical 
capacity  of  280  mAh  g- 1 .  Graphite  and  FixCo02  electrodes 
were  dried  under  reduced  pressure  at  150  °C  during  8  h  prior 
to  use.  Celgard®  2000  membrane  was  dried  at  60  °C  during 
24  h  under  room  pressure. 

The  electrochemical  experiments  were  run  using  a 
VersaStat™  (EG  &  G  Instruments)  potentiostat  for  linear 
sweep  and  cyclic  voltammetry  on  a  rotating  platinum  elec¬ 
trode.  An  Arbin  electrochemical  device  equipment  was  used 
for  linear  sweep  voltammetries,  cyclic  voltammetries  and 
cycling  ability  tests  at  a  graphite  and  a  FixCo02  electrodes. 


3.  Results  and  discussion 

3. 1.  Thermal  behavior  of  the  MeOx  mixtures 

3.1.1.  MeOx: EC  mixtures 

The  DSC  thermograms  of  MeOx:EC  mixtures  in  absence 
of  lithium  salt  are  reported  in  Fig.  la.  For  v(MeOx)  =  0,  the 
first  endothermic  peak  at  35  °C  corresponds  to  the  fusion  of 
EC  and  the  second  one  at  240  °C  is  attributed  to  the  vapor¬ 
ization  of  EC.  These  temperatures  are  in  agreement  with  the 
melting  and  boiling  temperatures  reported  in  the  literature 
(Table  l).Forv(MeOx)  =  1  (Fig.  la),  the  thermogram  exhibits 
an  endothermic  peak  attributed  to  the  vaporization  of  MeOx 
at  259  °C.  For  v(MeOx)  =  0.3  and  v(MeOx)  =  0.8,  the  first 
and  second  endothermic  peaks  are  respectively  attributed  to 
the  vaporization  of  the  corresponding  MeOx: EC  mixture  and 
pure  solvents  (EC  or  MeOx).  For  v(MeOx)  =  0.5,  the  mixture 
corresponds  to  the  azeotropic  composition  as  only  one  peak 
is  observed  at  1 10  °C  (onset  of  the  peak).  The  low  azeotropic 
composition  evidences  a  destructuring  of  EC  induced  by  the 
presence  of  MeOx. 

The  influence  of  the  addition  of  FiBF4  (1  M)  or  FiPF^ 
(1  M)  on  the  thermal  stability  of  the  mixtures  are  displayed 
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x  (MeOx)  =  0 


x  (MeOx)  =  0.3 
x  (MeOx)  =  0.5 


x  (MeOx)  =  0.8 


x  (MeOx)  =  1 


(a) 


Temperature  /  °C 


(b)  Temperature  /  °C 


x  (MeOx)  =  0 

x  (MeOx)  =  0,2 

x  (MeOx)  =  0,5 
x  (MeOx)  =  0,7 

x  (MeOx)  -  1 


x  (MeOx)  =  0 
x  (MeOx)  =  0,2 

x  (MeOx)  =  0,5 

x  (MeOx)  =  0,7 
x  (MeOx)  =  1 


Fig.  1.  DSC  thermograms  of  MeOx:EC  mixtures  at  10  K  min-1:  (a)  in 
absence  of  lithium  salt;  (b)  in  presence  of  LiBF4  (1  M);  (c)  in  presence 
of  LiPF6  (1  M)  (x(MeOx)  relative  to  the  weight  fraction  of  MeOx  in  the 
mixture). 


respectively  in  Fig.  lb  and  c.  In  presence  of  LiPF^,  it  can  be 
noticed  that  EC  remains  liquid  at  room  temperature  whereas 
EC  is  solid  in  presence  of  LiBF4  and  consequently  the  first 
endothermic  peak  at  28  °C  corresponds  to  the  fusion  of  EC 
(Fig.  lb).  The  two  other  endothermic  peaks  at  129  and 
248  °C  are  respectively  attributed  to  the  vaporization  of  EC 
molecules  which  interact  with  lithium  salt  and  free  molecules 
of  EC.  EC  and  MeOx  interact  strongly  with  each  other  due 
to  their  high  dipole  moments  (Table  1)  [22,23]  and  the  addi¬ 
tion  of  lithium  salts  in  a  mixture  of  EC  and  MeOx  involves  a 
destructing  of  the  mixture.  The  same  behavior  is  observed 
when  LiPF^  is  added  to  EC  (Fig.  lc).  The  destructuring 
of  the  solvent  seems  to  be  more  important  in  presence  of 


LiBF4  than  with  LiPF^.  Fig.  lb  shows  that  the  thermogram 
exhibits  only  two  endothermic  peaks  at  150  °C  and  225  °C 
for  x(MeOx)  =  0.2  and  three  endothermic  peaks  are  observed 
above  125  °C  for  the  MeOx  rich  region  (x(MeOx)  >0.5).  The 
first  peak  appears  at  125  °Cforv(MeOx)  >0.5.  The  end  of  the 
second  peak  is  observed  at  228  °C  for  v(MeOx)  =  0.5,  234  °C 
for  x(MeOx)  =  0.7  and  223  °C  for  x(MeOx)=l.  The  onset  of 
the  last  peak  begin  at  241, 245  and  247  °C  for  v(MeOx)  =  0.5, 
0.7  and  1,  respectively.  The  first  peak  may  be  attributed  to 
the  vaporization  of  solvating  molecules  of  EC,  the  second 
one  may  be  attributed  to  the  vaporization  of  solvating  MeOx 
molecules  and  the  last  peak  may  correspond  to  the  vaporiza¬ 
tion  of  free  MeOx  and  free  EC  molecules  in  accordance  with 
the  values  reported  in  Table  1.  For  all  DSC  thermograms,  no 
decomposition  of  LiBF4  occurs  between  25  and  390  °C. 

The  thermal  stability  of  MeOx-EC  mixtures  in  presence 
ofLiPF6  has  been  investigated  and  the  DSC  thermograms  are 
displayed  in  Fig.  lc.  For  x(MeOx)  =  0.2  and  0.5,  an  endother¬ 
mic  peak  at  107  °C  is  followed  by  an  exothermic  peak  at 
1 14  °C  (Fig.  lc).  These  peaks  are  attributed  to  the  presence 
of  LiPF6  in  the  mixture  as  they  are  not  observed  in  absence 
of  lithium  salt  or  in  presence  of  LiBF4.  For  x(MeOx)  =  0.7, 
these  peaks  are  shifted  to  higher  temperatures  (119  and 
125  °C).  MeOx  +  LiPF6  exhibits  only  one  exothermic  peak 
at  130  °C  which  may  be  attributed  to  the  decomposition  of 
LiPF6  involving  the  formation  of  PF5  (gas)  and  LiF  [24,25]. 
PF5  may  react  with  the  trace  of  water  to  form  HF  and  POF3 
[26-28]. 

For  v(MeOx)  =  0.2, 0.5  and  0.7,  the  endothermic  peak  may 
be  attributed  to  the  decomposition  of  LiPF^  and  the  exother¬ 
mic  peak  may  be  attributed  to  an  hydrolysis  of  EC  by  HF  [29] 
as  no  similar  peaks  are  observed  in  this  range  of  temperature 
in  MeOx:DMC  H-LiPF^  (Fig.  2c)  or  in  MeOx:EC  +  LiBF4 
electrolytes  (Fig.  lb). 

In  Fig.  lc,  for  x(MeOx)  =  0.2  and  x(MeOx)  =  0.7,  two 
endothermic  peaks  are  observed  at  219  and  265  °C  whereas 
for  x(MeOx)  =  0.5,  the  thermogram  exhibits  an  endothermic 
peak  at  150  °C,  and  two  broad  peaks  at  215  and  250  °C.  For 
x(MeOx)  =  1,  two  endothermic  peaks  are  observed  at  179  and 
235  °C. 

DSC  thermograms  show  that  the  addition  of  MeOx  in  EC 
or  lithium  salt  in  MeOx: EC  mixtures  decreases  the  thermal 
stability.  All  the  mixtures  (in  presence  or  in  absence  of  lithium 
salts)  have  a  thermal  stability  lower  than  129  °C  but  higher 
than  the  thermal  stability  of  the  electrolyte  EC:DEC:DMC 
(2:2:1)  +  LiPF6  (1  M)  usually  used  as  a  standard  for  lithium- 
ions  batteries  [30]. 

3.1.2.  MeOx:DMC  mixtures 

In  Fig.  2a,  DSC  thermograms  of  MeOx:DMC  mixtures  in 
absence  of  lithium  salt  are  displayed.  For  x(MeOx)  =  0.2,  the 
presence  of  two  endothermic  peaks  located  at  84  and  140  °C 
attributed  respectively  to  the  vaporization  of  DMC  and  MeOx 
shows  that  MeOx  interacts  strongly  with  DMC.  The  presence 
of  DMC  involves  the  destructuration  of  the  MeOx  molecules 
and  consequently  decreases  the  temperature  of  vaporization 


L.  Gzara  et  al.  /  Journal  of  Power  Sources  156  (2006)  634-644 


637 


x  (MeOx)  =  0 

x  (MeOx)  =  0,2 
x  (MeOx)  =  0,4 
x  (MeOx)  =  0,7 

x  (MeOx)  =  1 


Fig.  2.  DSC  thermograms  at  10  K  min-1  of  MeOx:DMC  mixtures:  (a)  in 
absence  of  lithium  salt:  (b)  in  presence  of  LiBF4  (1M);  (c)  in  presence 
of  LiPF6  (1  M)  (x(MeOx)  relative  to  the  weight  fraction  of  MeOx  in  the 
mixture). 


of  MeOx.  For  v(MeOx)  =  0.4  and  0.7,  a  new  endothermic 
peak  is  located  at  265  °C.  It  may  be  attributed  to  the  vapor¬ 
ization  of  MeOx  which  does  not  interact  with  DMC. 

DSC  thermograms  of  MeOx:  DMC  mixtures  in  presence  of 
LiBF4  (1  M)  are  gathered  in  Fig.  2b.  Forx(MeOx)  =  0,  the  two 
endothermic  peaks  at  61  and  92  °C  are  respectively  attributed 
to  molecules  of  DMC  in  interaction  with  the  salt  and  free 
molecules  of  DMC.  Other  endothermic  peaks  are  observed 
when  MeOx  is  added  to  DMC  and  may  be  attributed  to  MeOx 
molecules  in  interaction  with  LiBF4,  free  MeOx  molecules 
and  MeOx  molecules  which  interact  with  DMC  molecules. 
Nevertheless,  it  is  impossible  to  identify  clearly  each  peak 
of  the  thermograms  due  to  the  presence  of  numerous  sol¬ 
vates.  Similar  thermograms  are  obtained  when  LiPF6  is  added 


Fig.  3.  Conductivity  of  LiBF4  (1M)  and  LiPF6  (1M)  in  MeOx:EC  and 
MeOx:DMC  mixtures  vs.  the  weight  fraction  in  MeOx  quoted  x(MeOx)  at 
25  °C. 

to  MeOx:DMC  mixtures  (Fig.  2c).  From  these  results,  it  is 
obvious  that  MeOx:DMC  +  LiPF^  and  MeOx:DMC  +  LiBF4 
electrolytes  have  similar  thermal  stability. 

The  thermal  stability  of  these  electrolytes  does  not  play  an 
important  role  for  the  optimization  of  the  formulation  as  DSC 
experiments  shows  that  the  thermal  behavior  of  the  investi¬ 
gated  MeOx-based  electrolytes  are  similar. 

3.2.  Formulation  of  the  optimized  electrolyte 

Conductivity  is  one  of  the  important  factors  to  take  into 
account  for  the  formulation  of  an  electrolyte  for  electrochem¬ 
ical  systems.  The  influence  of  the  weight  fraction  of  MeOx, 
the  temperature  and  the  salt  concentration  (LiBF4  and  LiPF6) 
on  the  conductivity  in  MeOx: EC  and  MeOx: DMC  mixtures 
have  been  studied  in  order  to  optimize  the  composition  of  the 
electrolytes  for  its  use  in  lithium  batteries. 

3.2.1.  Effect  of  the  mixture  composition  on  the 
conductivity 

Conductivities  at  room  temperature  of  LiBF4  (1  M)  and 
LiPF6  (1  M)  in  MeOx-based  electrolytes  (MeOx:EC  and 
MeOx: DMC)  versus  the  weight  fraction  of  MeOx  are  dis¬ 
played  in  Fig.  3.  The  conductivity  of  MeOx : DMC  +  LiPF6 
(1 M)  electrolytes  is  better  than  the  conductivity  of 
MeOx:EC +  LiPF6  (1M)  because  DMC  decreases  strongly 
the  viscosity  of  the  mixtures  owing  to  its  low  viscosity 
(Table  1). 

The  addition  of  EC  in  MeOx  in  presence  of  LiBF4  does 
not  alter  significantly  the  ionic  conductivity  (Fig.  3)  and  the 
viscosity  (Table  2)  as  the  conductivity  varies  between  7  and 
7.7  mS  cm-1  for  0.1  <  v(MeOx)  <  1  and  the  viscosity  is  equal 


Table  2 

Viscosity  in  MeOx:EC  electrolytes  at  25  °C 


MeOx 

MeOx:  EC  x(MeOx) 

=  0.5 

Without 

LiPF6 

LiBF4 

Without 

LiPF6 

LiBF4 

salt 

(1M) 

(1M) 

salt 

(1M) 

(1M) 

rj  (cP)  2.48 

8.35 

6.87 

2.68 

6.88 

6.50 
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to  6.87  cPforMeOx  +  LiBF4  (1  M)  and  6.50  cP  for  MeOx:EC 
with  v(MeOx)  =  0.5  in  presence  of  LiBF4  (1  M). 

The  addition  of  LiPF^  in  MeOx  involves  a  more  important 
increase  in  viscosity  than  the  addition  of  LiBF4  owing  to  the 
strong  interaction  between  PF6-  and  MeOx  (Table  2).  For 
v(MeOx)  <  0.65  the  conductivity  of  LiPF^-based  electrolyte 
is  higher  than  the  conductivity  of  LiBF4-based  electrolyte. 
For  this  range  of  weight  fraction  in  MeOx,  the  difference  of 
conductivity  may  be  explained  by  a  weak  interaction  between 
PF^-  and  EC  molecules  which  are  in  majority  in  the  EC-rich 
region.  For  the  MeOx-rich  region,  ion-solvent  interactions 
may  be  mainly  attributed  to  ion-MeOx  interactions  due  to 
the  low  amount  of  EC  in  these  mixtures.  For  this  range  of 
weight  fractions,  the  conductivity  of  LiPF^-based  electrolyte 
is  lower  than  the  conductivity  of  LiBF4-based  electrolyte  due 
to  the  MeOx-PF6_  interactions  which  are  stronger  than  the 
MeOx-BF4_  interactions  as  evidenced  by  viscosity  measure¬ 
ments. 

From  conductivity  and  viscosity  measurements,  it  can  be 
concluded  that  the  optimized  MeOx-based  electrolytes  are 
MeOx:DMC  with  v(MeOx)  =  0.5  in  presence  of  LiPF6  and 
MeOx:EC  with  v(MeOx)  =  0.4  in  presence  of  LiPF6. 


3.2.2.  Effect  of  the  temperature  on  the  conductivity 

In  the  case  of  the  conductance,  the  driving  force  acting 
on  the  moving  ions  is  the  electrical  force  due  to  the  applied 
electrical  field  and  the  molar  conductance  A  ( =k!C )  given  by 
the  theory  is  [31]: 
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where  F  is  the  faraday  constant,  z+  and  the  valency  of  the 
ions,  L  the  mean  jump  distance  for  the  ions,  A  S\  and  A  H\ 
the  entropy  and  the  enthalpy  of  activation  for  the  conductivity. 
In  a  limited  range  of  temperature,  where  A  S\  is  independent 
of  the  temperature,  the  variations  of  the  molar  conductivity 
of  a  liquid  electrolyte  with  temperature  are  well  described  by 
the  appropriate  Arrhenius-type  expression: 
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Fig.  4.  Activation  energy  for  the  conductivity  vs.  the  weight  fraction  in 
MeOx  (quoted  x(MeOx))  of  the  optimized  electrolytes  containing  MeOx: EC 
and  MeOx:DMC  mixtures  in  presence  of  LiPF6  (1M). 


equation  [32]:  A  =  A°  —  SC 1/2,  where  A°  is  the  molar  con¬ 
ductivity  at  infinite  dilution  and  S  a  calculable  parameter 
which  depends  on  both  the  physical  properties  of  the  solvent 
and  the  nature  of  the  electrolyte.  Experimental  results  indi¬ 
cate  that  the  DHO  equation  is  not  followed,  except  at  very 
low  concentration  (C<0.001M)  and,  even  in  these  condi¬ 
tions,  the  experimental  slope  (SQXV)  is  often  different  from  the 
calculated  one  (Scale)  [33].  Attempts  to  correct  experimental 
results  for  ion  association  are  not  successful  and  the  discrep¬ 
ancies  between  theory  and  experience  remain  [34] .  Clearly, 
in  concentrated  organic  electrolytes,  the  conductivity  process 
is  different  from  the  model  embodied  in  the  DHO  equa¬ 
tion.  Another  approach  has  been  provided  by  the  use  of  the 
quasi-lattice  theory  [35,36].  This  theory,  initially  introduced 
to  relate  the  mean  ionic  activity  coefficient  of  electrolytes  to 
the  variation  in  salt  concentration,  has  been  adapted  for  con¬ 
ductivity  studies  [37].  In  the  framework  of  this  theory,  the 
Debye  length  /cd  in  the  ionic  cloud  model  is  replaced,  at  high 
ionic  strength,  by  /cl  the  average  distance  between  ions  of 
opposite  charge,  supposed  to  be  distributed  on  the  vertices  of 
an  expanded  lattice  [38]: 


A  ~  A  a  exp 


where  E^a  is  the  activation  energy  for  the  ionic  transport  by 
migration  and  A  a  the  corresponding  pre-exponential  term. 
Plots  of  ln(A)  versus  1  IT  are  linear  for  all  the  mixtures 
under  study.  E^a  values  have  been  deduced  from  the  slopes 
of  the  lines.  Fig.  4  shows  the  variations  of  the  activation 
energy  (E^a),  in  the  MeOx: EC  and  MeOx:DMC  mixtures 
in  presence  of  LiPF6.  It  shows  that  E^a  is  approximately 
independent  on  the  MeOx: EC  proportions  and  have  a  mean 
value  of  17.39  kJ  mol-1  (<r  =  0,48)  whereas  E^a  is  strongly 
dependent  of  v(MeOx)  in  the  MeOx:DMC  mixtures. 


3.2.3.  Effect  of  the  salt  concentration  on  the  conductivity 
For  diluted  electrolyte  solutions  the  variations  in  A  are 
described  by  the  classical  Debye-Hiikel-Onsager  (DHO) 


kl  =  M(200(WaC)1/3  (3) 

M  is  the  lattice  parameter  (equivalent  to  a  Madelung  con¬ 
stant),  Aa  the  Avogadro’s  number  and  C,  in  mol  L-1,  the  salt 
concentration.  According  to  this  theory,  the  variations  of  A 
with  C  are  described  by  the  following  set  of  equation: 


II 

o 

1 

(4) 

where 

S' =  Si  +  s2a°' 

(5) 

0.293e2 

c  _ 

~~  [(4jts0srkbT)M(2Na)1^} 

(6) 

Nae2 

2  ~  {(7tr1)M(2Na)1'3} 

(7) 

L.  Gzara  et  al.  /  Journal  of  Power  Sources  156  (2006)  634-644 


639 


12- 

10- 


o 

co  6- 
E 

y  4- 
2- 


*  A 


A 


♦  LiPF6  in  MeOx:  EC 
■  LiPF4  in  MeOx:  EC 
AliPF6  in  MeOx:  DMC 


0  i .  i  i  »""■  i . —  i  i  . — » 

0  0,2  0,4  0,6  0,8  1  1,2  1,4  1,6 

Salt  concentration  /mol.L'1 


Fig.  5.  Conductivity  vs.  the  salt  concentration  at  25  °C  of  the  optimized 
electrolytes  containing  LiBF4  (1  M)  and  LiPF6  (1  M)  in  MeOx:EC  and  LiPFg 
(1  M)  in  MeOx:DMC  mixtures. 


Fig.  6.  Variation  of  the  molar  conductivity  at  25  °C  of  LiBF4  (1  M)  and 
LiPF6  (1  M)  in  MeOx:EC  and  LiPF6  (1  M)  in  MeOx:DMC  mixtures  versus 
the  cube  root  of  the  salt  concentration. 


where  £o  is  the  permittivity  of  free  space,  sv  the  relative 
permittivity  of  the  solvent,  e  the  electronic  charge,  k\>  the 
Boltzmann’s  constant,  T  the  temperature,  A°'  (in  S  cm-1)  is 
the  molar  conductivity  of  the  salt  at  infinite  dilution  given  by 
the  lattice  model. 

The  quasi-lattice  theory  was  recently  verified  successfully 
in  an  aprotic  dipolar  organic  solvent  (y-butyrolactone)  in 
presence  of  lithium  salts  such  as  lithium  hexafluorophos- 
phate,  lithium  tetrafluoroborate,  lithium  perchlorate  and 
lithium  hexafluorophosphate  [39-41]. 

A  high  concentration  in  salt  is  required  for  the  elec¬ 
trolytes  used  in  batteries  to  avoid  polarisation  at  the  elec¬ 
trode/electrolyte  interface.  Therefore,  it  was  considered  a 
range  of  concentration  spreading  from  0.2  to  1 .5  M  in  the  sol¬ 
vents  mixtures.  The  curves  plotted  in  Fig.  5  represent  the  vari¬ 
ation  of  the  conductivity  ( k )  of  LiPF^  (1  M)  and  LiBF4  (1  M) 
in  MeOx:EC  v(MeOx)  =  0.5  and  MeOx:DMC  v(MeOx)  =  0.4 
mixtures  versus  the  salt  concentration  at  25  °C.  A  maximum 
of  conductivity  is  obtained  around  0.9  mol  L-1  for  all  elec¬ 
trolytes  studied  here.  At  this  concentration,  the  conductivity 
of  LiPF6  in  MeOx:DMC  solution  (10.0  mS  cm-1)  is  greater 
than  those  of  LiPF^  or  LiBF4  in  MeOx:EC  (respectively  7.4 
and  7.9  mS  cm-1).  For  higher  salt  concentration,  a  decrease 
of  the  conductivity  is  observed  due  to  the  increase  of  the 
bulk  viscosity  involving  a  decrease  of  the  ionic  mobility  of 
the  ions.  Another  reason  for  the  decrease  of  the  conductiv¬ 
ity  at  high  electrolyte  salt  concentrations  is  increasing  ion 
association  but  it  was  noticed  that,  generally,  the  dissocia¬ 
tion  coefficient  in  organic  dipolar  aprotic  solvents  such  as 
y-butyrolactone  or  valerolactone  remains  constant  when  salt 
is  added  even  at  high  salt  concentration  [42,43]. 

In  Fig.  6,  the  variations  of  A  for  LiPF^  in  the  optimized 
electrolytes  have  been  plotted  against  the  cube  root  of  the 
salt  concentration.  As  expected  from  Eq.  (2),  linear  plots  are 
obtained  for  all  electrolytes  under  consideration. 

The  maximum  of  conductivity  value  (Cmax)  is  easily 
deduced  from  Eq.  (2)  by  derivation  of  k  relatively  to  the  con¬ 
centration  [39,40]: 


C 


max  — 


3A°' 


Ao!  is  the  molar  conductivity  at  infinite  dilution  and  (S') 
is  the  slope  of  the  linear  function  A  =/(C1/3)  which  can  be 
calculated  by  using  Eqs.  (5)-(7). 

In  Table  3  are  reported  the  slopes  (S'),  ordinates  (A°')  and 
the  salt  concentration  at  maximum  of  conductivity  obtained 
from  experimental  data  and  values  calculated  by  Eq.  (8).  As 
expected,  the  calculated  concentrations  (Cmax)  are  in  agree¬ 
ment  with  the  calculated  values. 

Conductivity,  viscosity  and  thermal  stability  investiga¬ 
tions  of  MeOx-based  electrolytes  in  presence  of  lithium  salts 
shows  MeOx-EC  with  v(MeOx)  =  0.5  and  MeOx:DMC  with 
v(MeOx)  =  0.4  in  presence  of  LiPF6  or  LiBF4  at  a  concentra¬ 
tion  of  1  M  may  be  relevant  electrolytes  for  lithium  batteries 
application.  In  the  following  part  of  this  paper,  electrochem¬ 
ical  properties  at  platinum,  graphite  and  LixCoC>2  electrodes 
have  been  investigated  in  these  optimized  electrolytes. 

3.3.  Electrochemical  behavior 

3.3.1.  Electrochemical  windows  at  a  platinum  electrode 

The  electrochemical  windows  of  LiPFb  and  LiBF4-based 
electrolytes  in  MeOx: EC  (v(MeOx)  =  0.5)  and  MeOx: DMC 
(v(MeOx)  =  0.4)  have  been  studied  at  a  platinum  rotat¬ 
ing  disc  electrode  for  a  rotating  speed  of  1000  rpm  (scan 
rate  =  5  mV  s-1).  In  Fig.  7a,  is  displayed  the  voltammo- 
grams  of  MeOx: EC  and  MeOx: DMC  electrolytes  at  a 
platinum  electrode.  At  a  current  density  of  100  p, A  cm-2, 
the  oxidation  potential  of  the  electrolyte  are:  4.5  V  for 
MeOx:DMC  +  LiBF4,  4.3  V  for  MeOx:DMC  +  LiPF6,  4.6  V 
for  MeOx:EC  +  OBF4  and  MeOx:EC+LiPF6.  At  a  current 
density  of  10  p, A  cm-2,  the  oxidation  potential  of  theses 

Table  3 


Ordinates  (A0')  and  slopes  (S')  in  the  correlation  A  =f(C1/3)  and  salt  con¬ 
centration  at  the  maximum  of  conductivity 


Electrolyte 

A0’ 

S' 

Cmax 

Cmax  (given 
by  Eq.  (8)) 

LiPFg  in  MeOx: DMC 

52.26 

42.68 

0.85 

0.77 

LiPF6  in  MeOx: EC 

34.38 

27.24 

0.91 

0.85 

LiBF4  in  MeOx:EC 

37.71 

29.86 

0.87 

0.85 

Cmax  in  mol L  1  at  25  °C. 
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Fig.  7.  Electrochemical  window  at  (a):  a  Pt  electrode  for  a  rotating  speed  of  1000  rpm  and  a  scan  rate  of  5  mV  s  1  for  MeOx-based  electrolytes;  (b)  a  LiCo02 
electrode  without  convection  and  at  a  at  scan  rate  of  0.5  mV  s-1  for  MeOx-based  electrolytes. 


electrolytes  is  equal  to  3.8  V  for  MeOx:EC +  LiBF4,  4.2  V 
for  MeOx:EC  d-LiPF^,  and  4  V  for  MeOx:DMC  based- 
electrolytes.  As  these  potentials  correspond  already  to  an 
important  decomposition  of  the  electrolyte,  it  is  inferred  that 
high  potential  cathodes  will  not  be  suitable  for  electrolytes 
containing  MeOx.  Moreover,  if  a  high  potential  cathode  mate¬ 
rial  is  used  instead  of  platinum,  the  oxidation  potential  may 
be  lowered  (depleted)  (refer  to  paragraph  3.3.2). 

3.3.2.  Electrochemical  behavior  at  a  LixCo02  electrode 

Linear  sweep  voltamogramms  at  a  LixCo02  electrode  are 
usually  characterized  by  three  successive  oxidation  peaks. 
The  first  peak  at  3.9  V  is  associated  to  the  de-intercalation  of 
lithium  ions  according  to  [45]: 

LixCoC>2  — >  Lii_xCo02  +  vLi+  +  ve- 

and  the  two  following  peaks,  between  4.2  and  4.8  V,  are 
attributed  to  phase  transition  occurring  in  the  electrode  mate¬ 
rial. 

Linear  sweep  voltammetries  have  been  performed  at  a 
LixCo02  composite  electrode  at  a  scan  rate  of  0.5  mV  s-1 


(Fig.  7b).  The  oxidation  potential  for  a  current  density  of 
10  pi  A  cm-2  is  3.8  V  for  all  the  investigated  electrolytic  mix¬ 
tures.  No  lithium  de-insertion  occurs  due  to  the  oxidation 
of  the  electrolyte  at  potential  lower  than  the  de-intercalation 
mentioned  previously  (4.2  V).  The  electrochemical  window 
of  an  electrolyte  depends  on  the  composition  of  the  elec¬ 
trolyte  and  the  nature  of  the  electrode  material.  In  fact,  the 
oxidation  potentials  at  a  current  density  of  10  pi  A  cm-2  of 
the  MeOx  based  electrolytes  is  equal  to  4  V  when  a  plat¬ 
inum  electrode  is  used  instead  of  LixCo02  and  the  oxi¬ 
dation  potential  is  3.8  V  when  LixCo02  is  used  as  work¬ 
ing  electrode.  The  difference  of  oxidation  potential  may  be 
explained  by  a  catalytic  effect  of  the  Li^CoC^  surface  which 
favorizes  the  oxidation  of  the  MeOx  based  electrolytes.  Con¬ 
sequently,  charging-discharging  cycles  are  impossible.  In 
order  to  obtain  charging-discharging  cycles,  it  will  be  neces¬ 
sary  to  replace  LixCo02  electrode  by  another  one.  In  this 
aim,  LixFeP04  is  a  promising  cathode  material  when  the 
electrolyte  has  a  low  electrochemical  stability  because  its 
operating  voltage  is  lower  than  traditional  cathodes  such  as 
LixCo02  or  LixNi02  (3.5  V  versus  Li)  [46]. 
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Fig.  8.  Cyclic  voltammetry  at  a  graphite  electrode  (scan  rate:  0.5  mV  s  !)  in  MeOx:EC  x(MeOx)  =  0.5  in  presence  of  (a)  LiPF6;  (b)  LiBF4. 


3.3.3.  Electrochemical  behavior  at  a  graphite  electrode 

Figs.  8  and  9  show  successive  cyclic  voltamogramms 
at  a  graphite  electrode  in  a  half-cell  with  MeOx:EC 
(v(MeOx)  =  0.5)  and  MeOx:DMC  (v(MeOx)  =  0.4)  mixtures 
in  presence  of  LiPF^  or  LiBF4.  In  MeOx:EC  electrolytes 
(Figs.  8a  and  b),  the  reduction  of  the  electrolyte  begins  at 
1  V  with  a  maximum  located  at  0.3  V  (first  scan).  Lithium 
insertion  occurs  till  —0.02  V  but  no  deinsertion  is  observed 
in  the  reverse  scan.  In  the  next  scans,  the  reduction  peak  dis¬ 
appears  and  lithium  insertion-deinsertion  does  not  occur  with 
both  electrolytes.  The  large  reduction  peak  at  the  first  scan 
is  attributed  to  the  formation  of  a  passivative  film  onto  the 
graphite  electrode. 

In  MeOx:DMC  electrolytes,  at  the  first  scan,  the  reduc¬ 
tion  peak  attributed  to  the  formation  of  the  passivative  layer 
onto  the  graphite  electrode  begins  at  0.9  V  and  the  maxi¬ 
mum  is  located  at  0.1  V  for  MeOx:DMC  +  LiPF^  (Fig.  9a) 
and  0.3  V  for  MeOx:DMC  +  LiBF4  (Fig.  9b).  The  reduction 
peak  corresponding  to  the  formation  of  the  passivative  film 
for  MeOx:DMC  +  LiPF^  electrolytes  exhibit  three  shoulders 
which  are  not  observed  with  the  others  electrolytes.  Solvent 
co-intercalation  and  partial  destruction  of  the  graphite  should 
also  be  considered  due  to  the  strong  intensity  of  the  peak 
and  the  poor  reversibility  of  the  process.  During  the  succes¬ 
sive  cyclic  voltamogramms,  no  lithium  insertion  occurs  in 
presence  of  LiPF6  whereas  partial  insertion  and  deinsertion 


of  lithium  occurs  in  MeOx:DMC  +  LiBF4  electrolyte.  At  the 
second  and  next  scans,  a  reduction  peak  begins  at  1.3  V  with 
a  maximum  located  at  1 . 14  V.  This  peak  is  not  observed  when 
MeOx:EC  mixture  is  used  as  electrolytes. 

As  seen  in  Figs.  8  and  9,  film  formation  occurs  near  1  V  in 
all  electrolytes.  Reduction  of  the  electrolytes  is  only  achieved 
near  0  V.  This  means  that  solvent  molecules  are  able  to  dif¬ 
fuse  through  the  film  to  the  electrode.  As  the  film  is  permeable 
to  the  solvent,  an  intercalation  of  solvent  molecules  is  highly 
probable  leading  to  partial  graphite  exfoliation.  This  explains 
that,  upon  the  reverse  scan,  little  lithium  de-intercalation  is 
obtained.  The  difference  between  LiPF6-  and  LiBF4-based 
electrolytes  may  be  due  to  the  fact  that  the  film  has  a  lower  sol¬ 
vent  permeability  in  the  case  of  LiBF4  as  elsewhere  reported 
in  y-butyrolactone  based  electrolyte  [44] .  This  is  confirmed 
by  the  galvanostatic  test  reported  in  Figs.  10  and  11. 

Galvanostatic  chronopotentiometries  at  a  graphite 
electrode  in  presence  of  MeOx:DMC  +  LiPF6  and 
MeOx:EC  H-LiPF^  shows  that  that  no  significant 
insertion-deinsertion  of  lithium  occurs  in  presence  or 
absence  of  the  Celgard  separator.  For  MeOx:EC +  LiBF4 
electrolyte,  partial  insertion  of  lithium  is  only  possible 
in  absence  of  separator  due  to  the  low  wettability  of  the 
Celgard  separator.  The  same  phenomenon  was  observed 
using  y-butyrolactone  at  low  temperature  when  the  surface 
tension  of  the  solvent  increases  [44].  In  Fig.  10  is  displayed 


642 


L.  Gzara  et  al.  /  Journal  of  Power  Sources  156  (2006)  634-644 


E 

o 

< 

E 


'(/) 

c 

CD 


Q 


c 

CD 


3 

O 


-3  r1- 

-0,03 


— i— - 1 - r— - 1 - 1 - 1 - 1 

0,47  0,97  1,47  1,97  2,47  2,97  3,47 

E  vs  Li/Li+  /  V 


0,5! 


-3  r~~ 

-0,03 


i  . .  i  1  - 1 — - 1  . i - 1 - 1 

0,47  0,97  1,47  1,97  2,47  2,97  3,47 

E  vs  Li/Li+  /  V 


Fig.  9.  Cyclic  voltammetry  at  a  graphite  electrode  (scan  rate:  0.5  mV  s  l)  in  MeOx:DMC  x(MeOx)  =  0.4  in  presence  of  (a)  LiPF6;  (b)  LiBF4. 


the  evolution  of  the  reversible  and  irreversible  capacities 
during  charging-discharging  cycles  at  a  graphite  electrode 
for  a  charge  and  discharge  rate  of  1 5  h  per  charge  or  discharge 
(C/15)  in  absence  of  separator.  In  the  first  cycle,  the  high 
value  of  the  irreversible  capacity  is  due  to  the  formation 


of  a  passivative  layer  onto  the  graphite  electrode.  In  the 
next  cycles,  the  irreversible  capacity  decreases  significantly 
but  remains  close  to  25  mAh  g-1.  After  the  first  cycle,  the 
electrolyte  is  still  reduced  to  form  the  passivative  layer 
owing  to  the  low  stability  of  this  film  which  may  be  partially 


Fig.  10.  Reversible  Crev  (•)  and  irreversible  Qrr  (Q)  capacities  during  the  cycling  ability  test  at  a  graphite  electrode  at  a  rate  of  C/15  (15  h  per  charge  or 
discharge)  in  presence  of  MeOx:EC  x(MeOx)  =  0.5  +  LiBF4  (1  M). 
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Fig.  11.  Reversible  Crev  (•)  and  irreversible  C-m  (O)  capacities  during  the  cycling  ability  test  at  a  graphite  electrode  at  a  rate  of  C/15  (15  h  per  charge  or 
discharge)  in  presence  of  MeOx:DMC  x(MeOx)  =  0.4  +  LiBF4  (1  M). 


dissolved  during  the  discharge.  The  reversible  capacity 
represents  50  percent  of  the  theoretical  capacity  of  the 
electrode  (280  mAh  g-1).  The  passivative  film  does  not 
allow  an  easy  insertion  and  deinsertion  of  lithium  into  the 
electrode.  No  more  than  six  cycles  have  been  performed 
because  of  the  formation  of  dendrites  involving  short-circuits 
due  to  the  absence  of  Celgard  separator  in  the  cell.  The 
huge  irreversible  capacities  in  the  first  cycle,  the  remaining 
irreversible  capacity  of  25  mAh  g-1  in  the  following  cycles 
and  the  low  reversible  capacity  show  that  the  electrolyte  is 
strongly  reduced  and  probably  the  graphite  matrix  partially 
destroyed.  Hence  this  solvent  is  not  suitable  for  graphites. 

In  order  to  enhance  the  wettability  of  the  Celgard 
separator,  DMC  has  been  used  with  MeOx  instead  of 
EC.  The  cycling  ability  behavior  of  MeOx:DMC +  LiBF4 
(v(MeOx)  =  0.4)  electrolyte  is  reported  in  Fig.  11.  The 
reversible  capacity  decreases  during  the  first  six  cycles  and 
remains  lower  than  the  theoretical  capacity  (280  mAh  g-1). 
After  the  sixth  cycle,  the  reversible  capacity  increases  and 
remains  close  to  280  mAh  g-1.  The  passivative  film  is  fully 
formed  onto  the  graphite  electrode  after  the  fifth  cycle  as  the 
irreversible  capacities  remains  close  to  8  mAh  g_  1 .  Neverthe¬ 
less,  nine  cycles  are  necessary  to  obtain  a  high  quality  passi¬ 
vative  film  by  altering  the  insulator  properties  and  the  porosity 
of  the  passivation  film  during  lithium  insertion-deinsertion. 
A  low  loss  of  reversible  capacity  (0.4%  per  cycle)  is  observed 
when  the  passivation  film  is  completely  formed  on  the 
graphite  electrode. 

4.  Conclusion 

Mixtures  of  3-methyl-2-oxazolidinone  (MeOx)  with  ethy¬ 
lene  carbonate  (EC)  or  dimethyl  carbonate  (DMC)  in  pres¬ 
ence  of  lithium  salt  such  as  lithium  hexafluorophosphate 
(FiPF6)  or  lithium  tetrafluoroborate  (FiBFzO  have  been  opti¬ 


mized  for  their  use  in  lithium  batteries.  The  optimized  elec¬ 
trolytes  in  term  of  conductivity  and  viscosity  are  MeOx:EC, 
v(MeOx)  =  0.5  and  MeOx:DMC,  v(MeOx)  =  0.4  with  FiBF4 
or  LiPFg  as  lithium  salt.  The  low  wettability  of  the  Celgard 
2000  membrane  by  MeOx: EC  electrolytes  prevents  its  use 
in  lithium  batteries.  Only  MeOx:DMC  +  LiBF4  (1  M)  elec¬ 
trolyte  wets  the  separator  and  permit  a  cycling  ability  at  a 
graphite  electrode.  Nevertheless,  a  reasonable  cycleability  of 
the  graphite  electrode  is  reached  only  after  the  sixth  cycle 
and  the  irreversible  capacity  in  the  first  cycles  is  huge.  Hence, 
MeOx  based  electrolytes  does  not  permit  a  good  cycling  abil¬ 
ity  at  a  graphite  electrode. 

The  low  oxidation  potential  (3.8  V  versus  Li/Li+)  of 
the  MeOx-based  electrolytes  at  a  LixCo02  electrode  does 
not  allow  its  use  as  positive  electrode  in  lithium  batter¬ 
ies  when  MeOx:EC  or  MeOx: DMC  in  presence  of  LiBF4 
are  used  as  electrolyte.  MeOx  seems  to  be  inadequate  both 
for  LixCo02  and  graphite.  Future  works  will  concern  the 
investigation  of  others  positive  electrodes  with  a  lower 
intercalation-deintercalation  potential  than  LpCoCE  such  as 
LixFeP04  electrode  and  Li4Ti50i2  as  negative  electrode  but 
it  will  involve  an  important  decrease  of  the  operating  voltage 
of  the  battery. 
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